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I. Introduction
The core loss, that is, the power loss, of a soft ferromagnetic material is a function of the magnetic flux density, excitation frequency, temperature, type of excitation, (voltage or current), excitation waveform (sine, square, etc.), and lamination or tape thickness. In previously published papers [1, 2, 3, 4, 5, 6] we have reported on the specific core loss and dynamic B-H hysteresis loops for several polycrystalline, nanocrystalline and amorphous soft magnetic materials. In this previous research we investigated the effect of flux density, frequency, temperature, and excitation waveform for voltage excitation on the specific core loss and dynamic B-H hysteresis loop. The soft magnetic materials investigated included an 80Ni-Fe crystalline alloy [1, 2 ,5] , two 50Ni-Fe crystalline alloys [3] , a 2V-49Fe-49Co crystalline alloy [4] , a grain oriented 3Si-Fe crystalline alloy [4] , two iron-based amorphous alloys [1, 2, 3] , two cobalt-based amorphous alloys [6] , and an iron-based nanocrystalline alloy [6] .
Magnetic component designers are always searching for new or improved soft magnetic materials to increase the efficiency and power density of transformers, motors, and generators, and the energy density of inductors. The primary means to increase the power density is to increase the operating frequency [7] . But increasing the operating frequency without decreasing the magnetic flux density, will in general, increase the core loss, and thus, decrease the component's efficiency. So in most instances the trade-off between power density and efficiency comes down to a trade between operating frequency and magnetic flux density for a given core material of given lamination thickness and operating temperature.
In this paper we will report the effect of tape thickness of bobbin wound cores on the specific core loss and the DC and AC coercive force. The specific core loss (SCL) is the core loss per unit mass or volume. The coercive force is the H-field where the magnetic flux density is zero on the B-H hysteresis loop. When the magnetic flux density becomes saturated, the coercive force is then known as the coercivity. The coercive force is a measure of the core loss. An increase in the coercive force will cause an increase in the core loss. The magnetic materials investigated are generally known in the trade as Permalloy. The thicknesses of the tapes were: 1-mil, 1/2-mil, 1/4mil, and 1/8-mil, where 1-mil = 10 -3 inch = 25.4 µm.
II. Core Loss Theory
The magnetic and electrical properties of ferromagnetic materials include saturation magnetization, Curie temperature, permeability, remanence, coercivity, core loss, and in general, the size and shape of the B-H hysteresis loop. These properties are dependent on material composition, impurities present, mechanical strains introduced during processing, heat treatments, magnetic anneals, crystal structure and crystal orientation. The amount of irreversible energy expended during cyclic magnetization of a ferromagnetic material is called the core or power loss and makes its presence known through the generation of heat in the material. The B-H hysteresis loop area is a graphical representation of the heat generated within the material.
The classical or conventional approach to core loss, postulated prior to the introduction of domain theory, separates the core loss into hysteresis and eddy current loss components. A third component, the anomalous loss, was introduced when the apparent eddy current loss exceeded the classical eddy current loss. The area of so called DC or static B-H hysteresis loop is proportional to the hysteresis loss which is defined as the energy (heat) expended in a ferromagnetic material as a result of magnetic irreversibility (hysteresis) when the magnetic flux density is cyclic.
The eddy current loss is the energy (heat) expended by the circulating currents induced through the time variation of the magnetic flux in the core laminations or the convolutions of spirally wound tape cores. Various approaches are used to derive the classical eddy current loss equation and the details of one such approach are given in reference 8 in which the following equation is derived:
where: P ec =Classical eddy current loss (W) K=Constant dependent on material B m =Maximum or peak magnetic flux density (T) f=Excitation frequency (Hz) d=lamination or tape thickness (m) V=magnetic core volume (m 3 ) ρ=Material resistivity (ohm-m) From Equation (1) it is readily seen that a 2x reduction in tape thickness should cause a 4x reduction in the classical eddy current loss. However, it should be remarked that for thin ferromagnetic materials, their domain structure may cause the eddy current loss to deviate from the above d 2 rule. As d decreases, the large-scale ("global") eddy currents, to which Equation (1) applies, become less significant as compared to the eddy currents circulating locally about the domain walls. The latter might be expected, at first, to give a contribution proportional to d to the eddy current losses, and finally, change to some other dependence as the domain structure itself changes due to the increasing influence of surface domains.
The primary focus of this paper will be to investigate how the total core loss varies as a function of tape thickness for a given flux density and frequency. The validity of the tape thickness squared term in the classical eddy current loss given by Equation 1 will be then investigated. The effect of frequency on the total core loss for a given magnetic flux density and tape thickness will also be investigated and compared to the classical f 2 dependence.
III. Material and Test Core Description
The magnetic core material used in this experimental investigation was a Nickel(Ni)-Iron(Fe)-Molybdenum(Mo) alloy of nominal chemical composition of 79%Ni, 19%Fe and 4%Mo by weight [10] . In the soft magnetic materials community, this nominal composition is referred to by various names. For example, Magnetics, A Division of Spang, fabricates Round Permalloy 80, Square Permalloy 80, and Supermalloy tape wound cores while Arnold Engineering Company fabricates 4-79 Permalloy, Square Permalloy, and Supermalloy tape wound cores. The difference in the magnetic and electrical properties of the "Permalloy" type of magnetic materials is determined by the impurities present, trace elements added, and the heat treatment and magnetic anneals used in processing the material to its final thickness. For example, Magnetics' literature [9] gives the following for a typical 2-mil thick tape wound core: For Supermalloy a saturation flux density of 0.65 T to 0.82 T and a DC coercive force of 0.003 Oe to 0.008 Oe; for Square Permalloy 80, a saturation flux density of 0.66 T to 0.82 T and a DC coercive force of 0.02 Oe to 0.04 Oe.
The thin tape wound core materials used in this investigation were fabricated by Magnetics. The 1-mil, 1/2-mil, and 1/4-mil thick tape material was Supermalloy but the 1/8-mil thick tape material was Square Permalloy 80. The initial objective was to use Supermalloy for all of the thin tapes. During the fabrication of the cores, Magnetics informed us that they were unable to fabricate 1/8-mil thick Supermalloy tape but could provide this thickness in Square Permalloy 80. The reason given was that difficulties were encountered during the rolling process of the 1/8-mil thick tape. The details on why 1/8-mil Supermalloy could not be produced were not conveyed to us. We recognized that, in a sense, we would have two different materials if the Square Permalloy 1/8-mil thick tapes were used, and as a consequence, could not make a true comparison of the core loss as a function of tape thickness from 1-mil to 1/8-mil. However, for completeness it was decided that the 1/8-mil thick material should be included in the investigation to see how its core loss characteristics compared with the other three tape thicknesses. In the experimental results discussion, it will be seen that the core loss behavior of the 1/8-mil thick material does deviate from the core loss trend of the other 3 tape thicknesses.
The test cores were wound by Magnetics using ceramic bobbin cores of approximately O.D.=1.375 in., I.D.=0.875 in., and wall thickness=0.0625 in. Sufficient tape was wound on the bobbin to make a layer 1/8" thick to give the magnetic core dimensions of O.D.=1.25 in., I.D.=1.00 in. and width=0.250 in. These magnetic core dimensions are the same as the dimensions of the toroidal wound cores tested in our previous investigations [1, 2, 3, 4, 5, 6] . The bobbins were used because the thin tapes needed to be structurally supported during the winding and anneal process. The bobbin was made from ceramic to allow future investigation of these core materials at elevated temperatures to 300 °C.
IV. Experiment Description
The measurement system used to measure, compute, plot, and display the electrical and magnetic characteristics of the test core material is shown in Figure 1 . A key element in the measurement system is the power amplifier used to excite the core material. The introduction of amplitude distortion by the amplifier will produce erroneous core loss and B-H loops. The means to obtain the specific core loss (SCL) and dynamic B-H loops from the primary exciting current, i p (t), and the secondary induced voltage, e s (t), waveforms is described and discussed in reference 1.
Room temperature data for a single core for the 1, 1/2, 1/4, and 1/8-mil thick tape test cores were taken over the frequency range of 10 to 750 kHz. A sinusoidal voltage applied to the primary winding provided the excitation of the core material. The resultant primary current and secondary induced voltage waveforms were obtained for frequencies of 10, 50, 100, 300, 500, and 750 kHz. The maximum flux density was either the saturation flux density of 0.7 T at 10kHz or that flux density for which the SCL remained less than 100 W/lb. Particular attention was paid to prevent local heating of the test core by capturing the required waveforms in the minimum length of time.
V. Experimental Results and Discussion
A considerable amount of test data was taken for the 1, 1/2, and 1/4-mil thick tape Supermalloy and 1/8-mil thick tape Square Permalloy 80 to characterize the core loss and dynamic B-H loops of these materials. The effect of the maximum flux density (Bm), frequency (f), and tape thickness (d) on the specific core loss (SCL) can best be seen and analyzed for trends by plotting the data as follows: All of the data plotted in the figures to follow were taken at room temperature using a sine wave voltage to excite the core material. Representative plots of the SCL vs. B m over the frequency range of 10 to 750 kHz for the Supermalloy 1/4-mil thick tape and the Square Permalloy 80, 1/8-mil thick tape are given in Figures 2a and 2b , respectively. The curves in these plots show that for a given f, the SCL tends to increase almost linearly with B m (0.01 T-1 T) on a log-log scale, and for a given B m , the SCL increases with increasing f. The plots in Figures 3a and  3b show how the SCL increases nearly linearly on a log-log scale over the Bm range of 0.03 T to 0.5 T. It should be noted that similar trends were found for the 1 and 1/2-mil thick tape Supermalloy cores as for the Supermalloy 1/4-mil thick tape core for SCL vs B m with f as the parameter and also for SCL vs f with B m as the parameter.
The data most pertinent to the stated objective of this paper are plotted in Figures 4a and 4b . Figure 4a plots the SCL as a function of tape thickness for B m =0.3 T and frequencies 10, 50, and 100 kHz. Figure 4b is similar to Figure 4a except here B m =0.1T and includes the additional frequencies of 300 and 500 kHz. The most noticeable observation in both of these figures is that for each of the frequencies shown, the SCL decreases as the tape thickness decreases from 1 to 1/4-mil and then increases for the 1/8-mil material. As previously discussed, the 1, 1/2, and 1/4-mil thick tapes were made from Supermalloy material and the 1/8-mil thick tape was made from Square Permalloy 80 material. To note this change in type of material, a dashed line is used in Figures 4a and 4b between the tape thickness of 1/4 and 1/8-mil.
No definitive conclusion can be reached as to whether this increase in SCL for the 1/8-mil thick tape is due to the change in material or whether it is due to rolling the material too thin and forming a structure which increases the number of pinning sites for the domain walls to hang up on. Most likely this increase in total loss is due to the hysteresis loss component and not the eddy current loss component but additional experimentation would be required to confirm this conjecture. From a physicist's viewpoint, the increase in SCL for the 1/8-mil thick tape material compared to the 1/4-mil thick tape is of interest, because knowing what causes this increase could give insight as to the core loss mechanisms involved when the material is rolled to a very thin layer. From an engineer's viewpoint, it is of little interest what causes the losses to be greater for the 1/8-mil thick tape than for the 1/4-mil thick tape, because the magnetic component designer would choose the 1/4-mil thick tape to get the lowest SCL regardless of how the magnetic material's vendor designates and labels their material.
The data in Figures 4a and 4b can be used to determine the change in the SCL as the tape thickness decreases. Using the 100 kHz data in Figure 4b , it is found that the SCL is reduced by a factor of 2.2 and 1.6 by going from the 1 to 1/2 to 1/4-mil thick tape. If it is assumed that this reduction in SCL is due only to a reduction in eddy current loss, then according to Equation 1, a 2x reduction in tape thickness should give a 4x reduction in eddy current loss. As is obvious, there is a significant difference between the experimental and theoretical classical eddy current loss expression. From the experimental results, it should also be noted that the decrease in SCL is less from the 1 to 1/2-mil than it is from the 1/2 to 1/4-mil thick tape. This finding indicates that the rate of reduction in SCL diminishes as the tape thickness decreases.
The data in Figures 4a and 4b can also be used to determine the change in the SCL as the frequency increases. Using the Supermalloy 1/4-mil thick tape data in Figure 4b , it is found that the SCL increases by a factor of 27 for a 10x change in frequency from 10 to 100 kHz and a factor of 33 from 50 to 500 kHz. Again, if we assume that this increase is due only to eddy current loss, then according to Equation 1, a 10x increase in frequency should give a 100x increase in eddy current loss. Again, there is a significant difference between the experimental SCL data and the theoretical classical eddy current loss expression.
The experimental results in Figures 4a and 4b would strongly indicate that the frequency and tape thickness squared terms in the classical eddy current loss expression do not give the correct physical interpretation of the mechanisms involved in generating the eddy current loss. For, as shown above, by decreasing the tape thickness from 1 to 1/4-mil, the SCL decreases significantly less than that predicted by the classical eddy current loss expression. Also, by increasing the frequency, the SCL increases significantly less than that predicted by Equation 1 .
Another very interesting way to show the effect of tape thickness and frequency on the SCL is to plot SCL as a function of the frequency with the tape thickness as the parameter and Bm fixed. Figure 5a is for B m =0.1 T and Figure 5b is for B m =0.03 T. Both plots readily show that the Supermalloy 1-mil thick tape has the highest SCL and the 1/4-mil Supermalloy tape has the lowest SCL for the frequency range of 10 kHz to 750 kHz. However, as both plots show, the SCL for the 1/8-mil Square Permalloy 80 material is higher than the SCL for the Supermalloy 1-mil thick tape at 10 kHz until the frequency reaches 33.8 kHz for B m =0.1 T and 26.12 kHz for B m =0.03 T. At these frequencies the SCL of the 1/8-mil thick tape becomes less than that for the 1-mil thick tape. The SCL of the 1/8-mil thick tape continues to decrease relative to the 1-mil SCL until the frequency reaches 300 kHz for B m =0.1 T and 205 kHz for B m =0.03 T. At these frequencies the SCL curve of the 1/8-mil thick tape crosses the SCL curve for the 1/2-mil thick tape. This trend of the SCL of the 1/8-mil thick tape occurring at higher frequencies as B m increases would indicate that for higher B m , the 1/8-mil thick tape SCL curve will never cross the 1/2-mil thick tape SCL curve, and possibly it will never cross the 1-mil thick tape SCL curve.
VI. Summary and Conclusion
An experimental study was conducted to investigate the effect of tape thickness of Permalloy type magnetic materials on the specific core loss and dynamic B-H hysteresis loops. Prior experimental studies [1, 2, 3, 4, 5, 6] conducted on various types of polycrystalline, nanocrystalline, and amorphous soft magnetic materials investigated the effect of maximum flux density, frequency, and temperature on the specific core loss and dynamic B-H loops. The present experimental study of very thin tapes of Permalloy type material wound on bobbin cores and tested over the frequency range of 10 kHz to 750 kHz, showed that the specific core loss at room temperature decreased as the tape thickness decreased from 1 to 1/4-mil, but increased as the tape thickness decreased from1/4 to 1/8-mil. The decrease in specific core loss between the 1/2 and 1/4-mil thick tapes was less than between the 1 and 1/2-mil tapes. The decrease in the experimental core loss as a function of tape thickness for a given frequency and maximum flux density for Supermalloy was considerably less than that predicted by the classical eddy current loss expression. The experimental results also showed that the 1/8-mil thick tape Square Permalloy 80 material had higher specific core loss than the Supermalloy 1/4-mil thick tape material.
The experimental results obtained also made it possible to investigate the effect of frequency on the specific core loss for these very thin Permalloy tapes. This frequency investigation showed that the specific core loss increased with frequency for a given maximum flux density and tape thickness but the increase was significantly less than that predicted by the classical eddy current loss expression.
From the magnetic component designer's viewpoint, the best material to use from this investigation would be the Supermalloy 1/4-mil thick tape material because it gave the lowest losses over the frequency range of 10 kHz to 750 kHz. By using the Supermalloy 1/4-mil thick tape material at high frequencies in, for example, a power transformer, the size of the transformer's core would decrease and as a result, the transformer's power density (7) would increase but at the expense of the transformer's efficiency, because the higher frequency would give higher specific core loss. 
